Higher plants encode hundreds of pentatricopeptide repeat proteins (PPRs) that are involved in several types of RNA processing reactions. Most PPR genes are predicted to be targeted to chloroplasts or mitochondria, and many are known to affect organellar gene expression. In some cases, RNA binding has been directly demonstrated, and the sequences of the cis-elements are known. In this work, we demonstrate that RNA cis-elements recognized by PPRs are constrained in chloroplast genome evolution. Cis-elements for two PPR genes and several RNA editing sites were analyzed for sequence changes by pairwise nucleotide substitution frequency, pairwise indel frequency, and maximum likelihood (ML) phylogenetic distances. All three of these analyses demonstrated that sequences within the cis-element are highly conserved compared with surrounding sequences. In addition, we have compared sequences around chloroplast editing sites and homologous sequences in species that lack an editing site due to the presence of a genomic T. Cis-elements for RNA editing sites are highly conserved in angiosperms; by contrast, comparable sequences around a genomically encoded T exhibit higher rates of nucleotide substitution, higher frequencies of indels, and greater ML distances. The loss in requirement for editing to create the ndhD start codon has resulted in the conversion of the PPR gene responsible for editing that site to a pseudogene. We show that organellar dependence on nuclear-encoded PPR proteins for gene expression has constrained the evolution of cis-elements that are required at the level of RNA processing. Thus, the expansion of the PPR gene family in plants has had a dramatic effect on the evolution of plant organelle genomes.
Introduction
The expression of organellar genes in angiosperms relies on coordination between nuclear-and organellar-encoded factors. Pentratricopeptide repeat proteins (PPRs) are required for the translation, RNA processing, RNA stability, and C-to-U RNA editing of organellar transcripts (Barkan et al. 1994; Kotera et al. 2005; Schmitz-Linneweber et al. 2006; Beick et al. 2008) . Additionally, PPRs have been identified that suppress aberrant mitochondrial RNAs associated with cytoplasmic male sterility (Bentolila et al. 2002) . PPRs contain several degenerative repeats of a pentatricopeptide motif and can be grouped based on the presence or absence of domains at the C-terminus (Lurin et al. 2004 ). The PPR gene family is highly expanded in plants with ;450 members in Arabidopsis thaliana (Small and Peeters 2000) . Most of the Arabidopsis PPRs are predicted to be targeted to organelles with about 54% and 19% directed to the mitochondria and chloroplasts, respectively (Lurin et al. 2004) .
PPRs function as critical RNA-binding molecules conferring sequence specificity to RNA processing reactions. Several PPRs have been shown to directly and specifically bind to RNA targets Okuda et al. 2006; Gillman et al. 2007; Williams-Carrier et al. 2008; Pfalz et al. 2009 ). PPR10 is necessary for the accumulation of transcripts with specific 5# and 3# termini between genes atpI/atpJ and psaJ/rpl33 (Pfalz et al. 2009 ). PPR10 cis-elements are located in intergenic regions and share a 29 nt region with high sequence identity. CRP1, a PPR from maize, binds to transcripts containing intergenic sequences between cemA and petA as well as petG and psaC (SchmitzLinneweber, Williams-Carrier, et al. 2005) . Direct binding of CRP1 to a RNA sequence from the 5# UTR of petA has been demonstrated in vitro . In addition, Maize PPR5 and PPR4 bind the trnG-UCC transcripts and the transspliced introns of rps12, respectively (Schmitz-Linneweber et al. 2006; Beick et al. 2008) . Maize PPR4 and PPR5 are involved in splicing group II introns in chloroplasts and the cis-elements recognized by these PPRs have been characterized (Schmitz-Linneweber et al. 2006; Williams-Carrier et al. 2008) . Finally, Arabidopsis HCF152, a PPR protein, specifically binds to RNA sequences from psbA, petB, and petD transcripts in vitro .
Cis-elements for editing site conversion have been extensively studied in transplastomic plants and in chloroplast extracts (Bock et al. 1994; Chaudhuri et al. 1995; Hayes et al. 2006; Hanson 2007a, 2007b) . Cis-elements involved in editing site recognition are in the À25/ þ5 region of sequence around the edited C (Miyamoto et al. 2002) . A detailed analysis of the tobacco chloroplast editing site in psbE at nucleotide position 214 from the A of the initiation codon (psbE C214) demonstrated that specific nucleotides largely within the À11/À2 region were necessary for editing site conversion (Hayes and Hanson 2007b) and conserved across various taxa (Hayes and Hanson 2008) .
About 20 PPR genes in Arabidopsis have been identified that are required for C-to-U RNA editing of specific targets in chloroplasts and mitochondria (Kotera et al. 2005; Okuda et al. 2007; Chateigner-Boutin et al. 2008; Zhou et al. 2008; Cai et al. 2009; Hammani et al. 2009; Robbins et al. 2009; Yu et al. 2009; Takenaka et al. 2010) . Crr4 is required for editing a single site in the initiation codon of Arabidopsis chloroplast ndhD (ndhD C2), and has been shown to bind RNA editing substrates in vitro (Okuda et al. 2006) . Therefore, editing cis-elements are apparently recognized by PPRs.
Editing sites are absent in many plants due to the presence of a genomic T that replaces an edited C in other species (Covello and Gray 1989; Tillich et al. 2009) . Editing sites in different plant species are likely to have a common origin with multiple independent losses of individual sites throughout evolution (Tillich et al. 2006 (Tillich et al. , 2009 ; thus, comparisons of cis-elements between plants with and without editing are feasible. For some editing sites, a loss of an editing site through a chloroplast C to T mutation can be mapped to a branch point that is consistent with extant phylogenetic analyses. For example, although aligning psbL, we found a loss of the editing site in all members of clade 2 of the Convolvulaceae as defined by (Stefanovic et al. 2002) .
In this study, we examined the effects of PPR ciselements on the evolution of chloroplast genomes. Comparison of changes in the cis-elements for PPR10 and CRP1 to the surrounding intergenic sequences through phylogenetic analyses demonstrates that cis-recognition sites for PPR10 and CRP1 are highly constrained relative to the surrounding intergenic sequences. In addition, we analyze evolutionary changes around sequences that have lost an editing site for three start codons (C2 of ndhD, psbL, and rpl2) and a second codon (C5 of petL). Our results suggest that PPR genes constrain organelle evolution through their specific RNA-binding properties and their participation in critical RNA processing reactions. The large size of the PPR gene family and its expansion in land plants has potentially had dramatic effects on organelle evolution.
Materials and Methods

Calculations for Nucleotide Substitution and Indel Frequency
Chloroplast sequences were obtained from GenBank at the National Center for Biotechnology Information (table 1) . The data set was limited to one species per genus to prevent overrepresentation of closely related species. DNA sequence alignments were performed with MEGA4 software (Tamura et al. 2007 ) using the following pairwise parameters: a gap opening penalty of 3.0 and a gap extension penalty of 1.8; and multiple parameters: a gap opening penalty of 3.0 and a gap extension penalty of 1.8. The mean number of nucleotide differences per site was calculated using aligned sequences and the Pi program from DnaSP version 4.10.9 (Librado and Rozas 2009) . Values for mean pairwise nucleotide differences per site were determined in 25 nt sliding windows with 5 nt steps.
The occurrence of insertions and deletions in sequence alignments was quantified similar to nucleotide diversity. Gaps in a sequence alignment were represented by a ''G,'' and all other nucleotides were represented by an ''A.'' The mean number of indels per site was calculated from this alignment using the nucleotide polymorphism program (Pi) from DnaSP version 4.10.9.
BLeng: Branch Length Comparison Program for cisElement Analysis
Intergenic sequences containing cis-elements for PPR proteins were analyzed by phylogenetic distance using maximum likelihood (ML) comparisons. BLeng is a program that compares ML distances within a sliding window with the remaining sequences in the alignment.
A nucleotide sequence file was aligned with MEGA4 as previously described. Nucleotide positions that have a gap in any sequence in the alignment do not contribute to the ML distance, and these positions were not analyzed. A tree was constructed with the aligned sequences using PhyML version 3.0 with the BioNJ option (Guindon and Gascuel 2003) . The DNA sequence alignment and phylogenetic tree serve as data input for the BLeng program.
The BLeng program compares ML distances for a sliding 25 nt window to those for flanking sequences. The BLeng program divides the aligned sequences from each species into two files: One file contains a window of 25 nt; and the second file includes the remaining sequences (i.e., entire alignment less the 25 nt window). Each window progresses in 5 nt steps from the 5# end of the alignment. For each window position, the ML branch length for each species to the most common recent ancestor (MRCA) was determined using both the window of sequence and the surrounding sequence. We used the TN93 nucleotide substitution model (Tamura and Nei 1993) and a cladogram generated using the full aligned sequence to calculate ML from the MRCA. For each species and window, the ratio of the branch length based on the sequence within the window to the branch length based on the remaining sequence was determined. Average branch length ratios for each sequence window were calculated across the pool of species. Branch lengths ratios ,1 indicate a window of sequence changing less than flanking sequences, whereas values .1 indicate a more rapidly changing sequence window.
Determination of a Ratio for the ML Branch Lengths Calculated from a Known cis-Element versus Flanking Sequences Sequences were gathered and aligned as previously described. A phylogenetic tree was constructed using the entire aligned sequence. However, unlike the sliding window analysis, a region of sequence corresponding to a cis-element, instead of a 25 nt window, was removed to a separate file, and the surrounding sequences to another file. ML Hayes and Mulligan · doi:10.1093/molbev/msr023 MBE branch length for each sequence was calculated using PhyML 3.0 and the phylogenic tree. The ratio of the branch length based on the cis-element to that based on the rest of the sequence was generated and analyzed. A ratio ,1 would indicate the cis-element is changing more slowly than the other sequence analyzed.
PPR Ortholog Identification
The amino acid sequence for Crr4 from A. thaliana was queried in the tblastn program to nonredundant database at GenBank (blast.ncbi.nlm.nih.gov/Balst.cgi) and Phytozome 5.0 (www.phytozome.net) to identify putative Crr4 orthologs. For Phytozome 5.0, the parameters used were as follows: Blast program 5 TBlastN; output format 5 gapped alignment; comparison matric 5 BLOSUM62; word Length (W value) 5 default, expect (E) threshold 5 0.1; number of alignments to show 5 25; filter options 5 on. PPRs are numerous and share repetitive motifs and often yield spurious hits with low scores and high probability (E values). In order to distinguish putative orthologs from hits to other PPR-containing genes, the amino acid sequence of the putative ortholog was queried by tblastn back to the genome of A. thaliana using a nonredundant nucleotide database at GenBank. PPR genes that were reciprocal best hits were considered to be orthologous. In addition to these searches, the nucleotide sequence of the crr4 putative ortholog for Glycine max was queried using Phytozome to the Medicago truncatula sequenced genome using a Blastn search.
Legume crr4 Ortholog Amplification and Sequencing
Gene fragments of legume crr4 orthologs were amplified by polymerase chain reaction (PCR) using primers LJGMFor: GTCTGATGTGTTTTTGCAGAATTG and GMRev1: TCAA TCCAACTACAACCTGGAATTTTC. The M. truncatula crr4 pseudogene was amplified using primers MT_pseucrr4_ For: GTGAAATGACTTTTGAATTTTTCATGG and MT_pse ucrr4_Rev: AATATGCATCTTTTGGATGAGTTTC. For bulk DNA sequencing, the same primers for amplification were used as well as the primers LJGMSeqF2: GATGGCTGGAT ATGTTCAGAATGG and LJGMSeqR2: ATCATGAAATA GTTTCAAAGCCTC. Legume ndhD sequences were amplified and sequenced using primers MTndhDFor: TATTTT TTTTTGAGCACGGGCTT and MTndhDRev: AACA-GAACCTCCTGCAGTGTAC. 
Analysis of Cis-Elements for Chloroplast Editing Sites
Chloroplast sequences comprised of the coding sequence and entire 5#UTR for ndhD, psbL, petL, and rpl2 were collected from the National Center for Biotechnology Information databases. The data set was limited to a single species per genus, and the sequences were aligned using ClustalW. A phylogenetic gene tree was created for each of the chloroplast sequences using PhyML. The values for the ML branch lengths for the cis-element (À20/þ5) and the remaining intergenic sequence were calculated for each species to the MCRA. For each species, the ratio of the branch lengths based on the sequence in the widows to the remaining sequence was calculated. A ratio significantly ,1 would indicate a high level of sequence conservation in the cis-element relative to the rest of the intergenic sequence.
Results
Cis-Elements for PPR10 Are Conserved in Angiosperms
Two cis-elements for PPR10 have been identified in maize (Pfalz et al. 2009, fig. 1A ). The cis-element in the atpI/atpH intergenic region was found to be highly conserved in angiosperms (fig. 1B) ; but the remaining intergenic sequences aligned poorly with numerous nucleotide substitutions and indels evident. The atpI/atpH intergenic region from the 20 species of monocots was subjected to further analysis because sequences from broader taxa could not be aligned without extensive gaps.
The PPR10 cis-element was identified in the psaJ/rpl33 intergenic sequences from basal angiosperms to eudicots ( fig. 1C ). This intergenic region experienced extensive rearrangements across monocots, and the sequence of 14 PPRs Constrain Chloroplast Evolution · doi:10.1093/molbev/msr023 MBE species in the plant order Poales were utilized for further analysis. ML phylogenetic distances were calculated in order to compare the evolutionary divergence between PPR ciselements and the remaining intergenic sequences. Phylogenetic distances were determined for each species relative to a MCRA as the ML branch length from a cladogram derived from the entire atpI/atpH intergenic region. Branch lengths were calculated using both the atpI/atpH intergenic sequences minus the cis-element and using only cis-element sequences ( fig. 2A and B) . The ML branch lengths for the cis-element ( fig. 2B ) are dramatically shorter than the intergenic sequences ( fig. 2A ). In addition, ML branch lengths were calculated for psaJ/rpl33 cis-elements using the same cladogram ( fig. 2C ). The ML branch lengths for the atpI/ atpH cis-elements are much shorter than the psaJ/rpl33 cis-elements ( fig. 2B and C) ; in addition, the psaJ/rpl33 cladogram shows much greater phylogenetic distances between the basal angiosperm Amborella trichopoda and many monocot genera.
The ratio of branch lengths (cis-element/remaining intergenic sequence) was determined for atpI/atpH ( fig. 3A) and psaJ/rpl33 ( fig. 3B ). The evolutionary distance of the cis-elements is much closer than the remaining intergenic sequences with an average ratio of 0.09 for atpI/atpH ( fig. 3A ) and 0.21 for psaJ/rpl33 ( fig. 3B ). Anomochloa has a much higher branch length for the PPR10 cis-element in atpI/atpH and a higher branch length ratio than the same region of other monocots. Of the species of Poales examined, only Typha latifolia, the sole representative of Typhaceae included, had a branch length ratio .1 (5 1.3) for the psaJ/rpl33 
FIG. 2.
Phylogenetic trees display ML branch lengths for atpH/atpI in monocot species using the intergenic region without the cis-element (A) and using only the cis-element (B). (C) ML branch lengths were determined for the region of psaJ/rpl33 containing a PPR10 ciselement. Genus names represent a single species with full names indicated in supplementary figure S1, Supplementary Material online.
Hayes and Mulligan · doi:10.1093/molbev/msr023 MBE element. These results demonstrate that the cis-elements for PPR10 evolve much more slowly than the intergenic sequences. Furthermore, the atpI/atpH cis-element has changed very little because divergence of the basal angiosperms; in contrast, the ML branch lengths ( fig. 2C ) are much greater for the psaJ/rpl33 cis-element, suggesting that this cis-element has evolved more rapidly.
Mean pairwise nucleotide differences per 25 nt window of sequence was calculated to quantify the frequency of nucleotide substitutions for 20 monocot atpI/atpH sequences ( fig. 3C ). The region represented by the cis-element is shown in the shaded region and exhibited a nucleotide substitution frequency of about 25% of the remaining intergenic sequence ( fig. 3C ). Mean pairwise difference per site indicates that the cis-element region has a substantially smaller incidence of nucleotide substitutions that any other portion of the atpI/atpH intergenic sequence.
Phylogenetic distances were also compared using scanning windows of sequence to determine how well conserved the cis-element iscomparedwithsimilar-sized regions in the intergenic region. Ratios of branch lengths were determined using the BLeng program in 25 nt windows in 5 nt increments across the intergenic sequence. The BLeng ratio dropped below 0.5 and was very low in the sequence window that included the PPR10 cis-element (windows 38-44, fig. 3D ). Thus, the branch length ratio of the cis-element region is much lower than any other similar sized sequence window in the remaining intergenic sequence.
The Rate of Evolution in a Region Containing a cisElement for PPR Protein CRP1 is Depressed Compared with Flanking Sequences Maize PPR CRP1 has been shown to associate with cemA/ petA and petG/psaC intergenic sequences (Schmitz-Linneweber, Williams-Carrier, et al. 2005, fig. 4A ). The putative cis-elements are composed of two regions of sequence consisting of 7 and 11 contiguous nucleotides that share sequence similarities ( fig. 4A ). These sequences are separated by a stretch of 51 nucleotides in maize and a similar distance in other species. The cis-elements in the cemA/ petA intergenic region of monocot species had few nucleotide substitutions, especially in the 11 nucleotide contiguous sequence ( fig. 4B ). In addition, some flanking sequences were invariant and may form part of the ciselement ( fig. 4B) .
Mean pairwise nucleotide differences per site were calculated for the alignment of cemA/petA intergenic sequences from monocots ( fig. 4C ). The lowest mean pairwise distance per window overlaps with the 11 nt cis-element in the 5# UTR of petA ( fig. 4C ). In addition, BLeng scanning window analysis was used to calculate the ratio of branch lengths ( fig.  4D ). Again the sequence windows with the lowest branch lengths contain the 11 nt cis-element ( fig. 4D ). The evolution of sequences 5# of the 11 nt cis-element is also restricted ( fig.  4C and D) . In contrast to the cemA/petA cis-element, a conserved cis-element for CRP1 was not found in ndhE and psaC intergenic sequences from monocots (data not shown). If PPR proteins and cis-elements are under selection primarily for their roles in RNA editing, then a loss of an editing target should lead to changes in the PPR gene and cognate ciselement. Because we found that both extant monocots and dicots have ndhD C2 (supplementary fig. S3 , Supplementary Material online, table 2), the most parsimonious explanation is that a common ancestor to both clades had the editing site as well as all protein components necessary for RNA editing. The PPR gene required for editing ndhD C2 in Arabidopsis has been identified as crr4 (Okuda et al. 2006 ). Thus, we investigated if orthologs for crr4 are present in species that have lost its editing target. Orthologs for crr4 were identified by reciprocal best hit Blast search and are present in all dicot species that require RNA editing to create the ndhD initiation codon (table 2). In the case of M. truncatula ndhD, an unedited C is present that aligns with the editing site in other species; however, an upstream C to G transversion created a new start codon (ATCACG / ATGACG). A 296 bp gene fragment orthologous to crr4 is present in the M. truncatula genome (supplementary fig. S5 , Supplementary Material online). The gene fragment is a pseudogene that has several indels causing frameshifts that create internal stop codons.
Sequences coding for an intact crr4 gene are not detectable in the database, and PCR amplification failed to detect a crr4 gene in this species (supplementary fig. S5 , Supplementary Material online). RNA editing does not create a start codon in the green leaf tissues of M. truncatula (supplementary fig. S5 , Supplementary Material online).
Cis-Elements for RNA Editing Sites Are Constrained in Evolution
Cis-elements around RNA editing sites in higher plant chloroplast genomes are generally considered to be present in the À25/þ5 nt region flanking an editing site. Editing sites at C2 and C5 (where the edited nucleotide C is 2 and 5 nucleotides, respectively, from the A of the initiation codon) were selected for analysis in order to minimize the constraints of protein-coding sequences in editing ciselements (table 1) . Comparison of 5# UTR sequences around a genomic T versus an edited C indicated that there was a greater frequency of indels and an increase in nucleotide differences in the absence of an editing cis-element ( fig. 5 ). All species with an ATG initiation codon in ndhD have the same 8 nt sequence insertion that would disrupt the cis-element (supplementary fig. S3 , Supplementary Material online). In addition, several nonediting species have Hayes and Mulligan · doi:10.1093/molbev/msr023 MBE gaps in a region that aligns to cis-elements for all four genes studied ( fig. 5) .
The Convolvulaceae can be separated into two main clades (Stefanovic et al. 2002) ; clade 1 is composed almost entirely (14 of 15) of species that encode an ACG initiation codon in psbL; and clade 2 is composed entirely of species that contain an ATG initiation codon. ML branch lengths were calculated using the 21 nt of psbL 5# UTR and compared with those calculated from the downstream intergenic sequence between psbL and psbJ ( fig. 6A ). Sequences from species in clade 1 have average branch lengths ratios of 0.019 compared with the 2.04 average ratio from clade 2 ( fig. 6A) . Clade 1 retains an identical sequence in the cis-element containing region, causing most branch lengths and ratios to be 0 ( fig. 6A ). Conversely, 5# UTR sequences from clade 2 tend to have a much greater branch length ratio ( fig. 6A) .
The editing status of petL C5 is variable in dicots for which sequences are available with 40 of 57 having an editable C in the second codon of petL (table 1) . By contrast, 13 of 14 monocots have a genomic T at the same position and lack this editing site. Phylogenetic distances were determined for a 20 nt sequence 5# of the editing site composed of 16 nt of the 5# UTR and 4 nt of the coding region for the gene petL. The UTR could not be compared with the intergenic region because alignments for such a large and diverse set of species would have extensive gaps. Therefore, the distance in the region containing the cis-elements was compared with the branch lengths calculated using the petL coding region ( fig. 6B ). Dicot species that encode petL C5 have an average branch length ratio of 1.46 compared with monocots that encode a genomic T and have an average branch length of 4.81 ( fig. 6B ). These results demonstrate that the evolutionary changes within cis-elements are constrained relative to comparable sequences that do not encode an editable C. With an average branch length of 1.46, the cis-element changes at a rate roughly equal to the coding region.
Cis-Elements for Editing Sites within Coding Regions Are Constrained in Evolution
Coding sequences are constrained by amino acid sequence and protein function, and thus, it is more challenging to detect evolutionary constraints that may result from cis-element recognition within amino acid coding sequences. Coding sequences around editing sites for chloroplast genes ndhB, rpoB, clpP, accD, and petB were aligned and mean pairwise nucleotide changes per site were analyzed for 14 editing sites that were heterogeneous for presence of an editing site in either monocots or dicots. Three of the editing sites displayed a few nucleotide positions that exhibited a greater mean pairwise nucleotide substitution per site in species without editing sites ( fig. 7A-C) . These nucleotide positions were predominantly in the third codon position where suppression of synonymous substitutions have been frequently observed around editing sites in a different chloroplast gene (Tillich et al. 2009 ).
Discussion
We have shown that the plastid cis-elements for nuclearencoded PPR proteins are conserved within groups of higher plants. The cis-elements are under strong selection. The cis-elements themselves are rather large and absolute conservation of several nucleotides was typical. Large stretches of contiguous nucleotides are absolutely conserved and there has been little change in the cis-element for PPR10 in atpI/atpH from basal angiosperms to monocots and eudicots. The region of conservation is much larger than the minimum sequence string necessary to describe a unique sequence in a 150-200 kb chloroplast genome. The large cis-element may be required for a tight association with RNA required to prevent RNAse degradation. Absolute conservation of large sequences makes the identification of PPR cis-elements in intergenic regions evident through comparative genomics. Do PPRs Acquire New Targets Providing Novel RNA Processing Functions?
Although PPR10 and CRP1 each interact with at least two RNAs in maize chloroplasts, phylogenetic analysis demonstrated that the two cis-elements vary in their sequence conservation. Based on sequence conservation, the primary function of PPR10 and CRP1 appears to be to bind the highly conserved cis-elements in atpI/atpJ and cemA/petA, PPRs Constrain Chloroplast Evolution · doi:10.1093/molbev/msr023 MBE respectively. For PPR10, a second less conserved cis-element exists in the psaJ/rpl33 intergenic sequences. ML branch length distances are about twice as large for the psaJ/ rpl33 cis-element in Poales compared with the one in atpI/ atpH across monocots ( fig. 3A and B) . Thus, the PPR10 ciselement in atpI/atpH has experienced relatively little change compared with the psaJ/rpl33 cis-element. However, the branch length ratios for both PPR10 cis-elements are similar in the Poaceae species ( fig. 3A and B) . Thus, the changes in the psaJ/rpl33 cis-element may be a case of convergent evolution and may indicate an acquisition of function for PPR10 for psaJ/rpl33 transcript maturation in Poaceae. Genetic drift to new targets with similar sequences has long been theorized to account for expansion of RNA editing targets (Covello and Gray 1993) .
Disruptions in selection for known cis-elements may indicate that a PPR gene is either lost or significantly changed. The psaJ/rpl33 element in T. latifolia has changed much faster than other Poales ( fig. 3B ). PPR10 in this species may have changed to only recognize the atpI/atpJ ciselement and/or RNA processing has changed to eliminate the requirement for PPR10 to bind to psaJ/rpl33.
PPR cis-Elements Are Restricted from Genetic Mutations
Substitutions in PPR cis-elements are restricted in intergenic and coding sequences. Most notable, indels are especially unlikely in alignments of homologous intergenic sequences around editing sites. Nucleotide substitutions occur as well and ML distances for cis-elements are greater for unedited versus edited transcripts compared with a nearby intergenic region ( fig. 6A ). In fact, the ratio of ML distances for a cis-element compared with the associated protein-coding sequence has an average of 1.46 ( fig.  6B) . Therefore, the cis-element is changing nearly as slowly as coding sequences. For PPR cis-elements in coding sequences, only a few additional nucleotide positions were found to be conspicuously conserved in order to preserve a RNA processing function.
Genetic Drift in a cis-Element and Loss of Cognate PPR Occur after Genomic Mutations Abrogate a Need for RNA Processing RNA editing of an exogenous editing sites has been observed in transgenic plants that lack an orthologous site (Schmitz-Linneweber, Kushnir, et al. 2005) . This has led to the inference that factors sufficient for RNA editing are conserved in spite of the loss of an editing target. With a single PPR protein, we found a correlation between the presence of an editing target and the corresponding editing PPR protein in the sequenced genome databases. The longest contiguous sequence with significant sequence similarity to crr4 is represented as a 296 bp sequence in M. truncatula. M. trunculata does not require editing of ndhD C2 or edit the C that aligns with an editing site in other species. However, maintenance of several PPRs would be expected after loss of an editing target as long as they are required for editing another site.
Cis-Elements for PPR Proteins Constrain Organelle Genome Evolution
Conservation of RNA cis-elements adds another restriction on genome evolution in addition to the firmly established constraints imposed by protein encoding. PPRs Constrain Chloroplast Evolution · doi:10.1093/molbev/msr023
MBE
Recently, a slightly lower synonymous substitution rate has been discovered around mitochondrial editing sites (Sloan and Taylor 2010) . Conservation of sequence for PPR cis-elements is not tied to constraints imposed by protein coding and cis-elements in coding regions have led to a suppression of the organellar synonymous substitution rate. Cis-elements for editing sites in the Arabidopsis organelle genome should comprise 0.4% and 15.4% of the coding sequence in chloroplast and mitochondrial genomes, respectively (number of sites Â 20 bp/bp of coding sequence). Only through the discovery of cis-elements, associated functions, and the evolution of a majority of PPRs will the full extent of their effects on organelle evolution be known.
Supplementary Material
Supplementary figures S1-S5 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/). 
